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Abstract
Intelligent microgrid with distributed energy sources is considered as the next generation grid to mitigate the present day power
system issues. Intelligent microgrid should facilitate monitoring and distributed control of the system using smart components. For
effective, reliable and intelligent operation of such a system, it needs to use the advanced communication and intelligent information
processing techniques. This paper explores the possibility of managing an autonomous intelligent microgrid with prioritized loads,
utilizing the existing communication networks to acquire data and manage from a central location. The central control center runs
an energy management algorithm, utilizing the load and source data acquired from the clients, to maximize the power delivery to
the higher priority loads. The proposed scheme enables the consumers to dynamically set their load priority and ﬁx the rate for
selling the power generated by them within the autonomous grid, thereby ensuring consumer participation in the development of
power infrastructure. Further, a load management algorithm for the reliable operation of autonomous intelligent microgrid with
prioritized loads is proposed and its effectiveness is illustrated with a case study.
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
Conventional electric power system consists of three basic components; the generating station, the transmission
system and the distribution system. In this scheme, large quantum of energy is generated at generating stations located
far away from the load center using fossil fuels, nuclear and hydro sources. This energy is exported to the distribution
system through the transmission lines which connects the generating stations and the distribution systems. Further, the
distribution system feeds the individual loads in a locality.
With the ever increasing population, the per capita energy consumption has increased drastically, which demands
increased power generation. In addition, power quality, reliability, environmental concerns and energy efﬁciency are
the major issues to be confronted in the present-day power system. It is extremely difﬁcult to address these issues with
the existing infrastructure and can be achieved only by investing a signiﬁcant amount for its upgradation.An alternative
to meet these requirements in the deregulated power system scenario is to integrate small scale, modular and highly
efﬁcient DGs in the distribution system. Various distributed generation technologies, which are usually located in the
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consumer sites include, photovoltaics, wind turbines, fuel cells, micro-turbines and diesel generators. If the DGs are
properly planned, there will be reduction in distribution losses, improvement in the voltage proﬁle and reliability of the
system. However, these DGs can cause as many problems as it may solve1. Hence, a better way to extract maximum
beneﬁts from DG and manage network safely and efﬁciently is to develop a system approach which considers a
collection of generators and loads as a subsystem, called microgrid2.
Nomenclature
IMG Intelligent Microgrid
DG Distributed Generator
DCM Data Collection Module
CDLCM Client Data Logging and Control Module
CMCM Central Management and Control Module
ANN Artiﬁcial Neural Network
MLP Multilayer Perception
ICT Information and Communications Technology
In microgrid perspective, the consumers are more demanding and the performance indicators are not only voltage,
reactive power and load, but also the priority of load, reliability, cost, emissions and the revenue from the distributed
generators installed at their premises. These additional considerations increase the complexity of the design and
operation of microgrid than that of the conventional distribution system. This demands the development of a novel
architecture for data management and control to ensure stable and reliable operation of microgrid, with prioritized
loads, in autonomous mode. Such an infrastructure must have intelligent distributed and centralized controllers to
mitigate the power imbalance between generation and demand. Further, it must have robust operating capability with
plug-and-play features, wherein new sources and loads can be added to the existing system without any topology
changes. Moreover, there must be algorithms for optimal management, and operation based on customer requirements.
Such increased visibility and control of generation and demand in IMG will enable the utility to promote the
integration of renewable based distributed generation, with increased grid reliability and security. The illustration of
an autonomous intelligent microgrid is shown in Fig. 1.
Fig. 1. Autonomous Intelligent Microgrid.
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In literature several approaches have been reported for the intelligent energy management in microgrid3–5.
Potty et al. proposes a microgrid model for community based energy harvesting and sharing of power6. Hierarchical
agent based management of smart microgrid to handle dynamic demand and distributed energy resource is proposed
by Jiang et al.7 Online energy management of a microgrid with the objective of cost and emission minimization has
been investigated by Chaouachi et al. The optimal scheduling of battery energy storage system and the uncertainty
of various exogenous variables and the forecasted parameters in the microgrid are considered for management8.
A vehicle-to-grid mobile energy network model for demand management using electric vehicle is proposed by
Yu et al.9 The opportunity for utilities to optimize industrial demand response in order to minimize peak energy
demand on the existing AC distribution system, by a load shifting demand side management technique based on time
of day tariff is investigated by Kinhekar et al.10 From literature it can be seen that opportunity for the customer to
interactively participate in intelligent microgrid and smart grid operation is minimum. Further, the management of
loads in autonomousmicrogrid, with priorities set on chronological order is not seen addressed in literature. Moreover,
to stimulate the large scale development of autonomous microgrid, a cost effective architecture for data management
and control having increased visibility and decision making capability is inevitable.
The primary focus of this work is to develop an IMG architecture, which can operate in real time, without human
intervention, by data management and control, exploiting the advancements in communication and information
processing. This architecture aims to have a positive impact on the daily life of customers coming under the intelligent
microgrid umbrella, by enabling them to set and perform higher priority activities that require electricity, on a daily
basis. The proposed system is capable of monitoring, understanding and managing the power imbalances in the
microgrid, with the added feature of consumer involvement in power trading within small grids.
In this paper, Section 2 introduces the proposed system architecture for data management and control, Section 3
elaborates the real time management of intelligent microgrid with typical case study and Section 4 summarizes the
features and beneﬁts of the proposed architecture.
2. System Architecture
The architecture for real time management of an intelligent microgrid is as shown in Fig. 2. The primary building
blocks of such a system are:
• A data collection module to collect client data.
• A data logging and control module for storing the client data and taking local control actions.
• A communication framework
• A central management and control module to collect data from all the clients and take appropriate decisions.
Fig. 2. Architecture for Real Time Management of an Intelligent Microgrid.
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2.1 Data collection module
The DCM is the fundamental component of IMG, which collects real time data from various components of the
microgrid. It consists of sensors, analog to digital converter and a processor. The sensor converts the monitored
voltage and current from the load and generation points, and the status of the controllable switches in the system to a
measurable electrical signal. The analog to digital converter converters the continuous physical parameters to a digital
number equivalent to its amplitude and a processor computes other system parameters such as phase angle, power,
energy and harmonics from the measured voltage and current data for further storage and analysis.
The data collected by the DCM are required to understand the present status of the system and for management and
control in real time. Hence the data needs to be acquired in a timely and accurate form. One of the major problem
associated with the collection of data from the components which are distributed in the grid is lack of information
regarding the time at which data is acquired and the delay in transmitting data from the point of acquisition to a central
location where the decisions are taken. This will avert the central controller from getting a globally consistent view
of the system and demands time stamping of the monitored data before being sent to the central location. Hence,
a GPS-based system is used for time stamping the monitored data.
2.2 Client data logging and control module
The realization of IMG operation demands high performance, modular, low cost infrastructure which is capable to
store the data temporarily and take control decisions locally. In recent years, there has been considerable development
in the low-power, open-hardware computers. Such sophisticated computers can operate independently or can be
networked and has enough memory and other capabilities to make real-time data logging and control a cost effective
solution. The CDLCM is an open-hardware computer, which can function as the distributed controller in the proposed
architecture. The basic functions of this module are:
• time stamp and record the data at regular intervals. The data include, voltage, current, power, energy, dc power
generated by renewable sources and status of controllable switches.
• take necessary control actions, without any human intervention, based on the signals from the central controller.
This includes connecting and/or disconnecting the loads based on power availability and controlling the
generation based on demand.
The CDLCM has digital and analog input/output channels which enables data acquisition and controlling of
components in the system. The module is also equipped with software program for data logging and control.
In addition, CDLCM has a database to store the time stamped data. This is to ensure zero data loss while transferring
data to a central location for processing. In order to increase the reliability of the microgrid, ICTs need to be integrated
into the system. The CDLCM communicates with all the peripheral devices through a communication medium, which
may be wired, Zigbee, Wi-Fi, WIMAX, chosen depending on the location of the consumers.
2.3 Communication framework
For implementing the proposed architecture, existing communication system and protocols can be made use
of. The communication protocols mainly used in the power sector are: Modbus, DNP3, IEC-60870-5-101/104 and
IEC 61850.
2.4 Central management and control module
The CMCM performs the collective monitoring and control of various components in microgrid. The cardinal
element of the CMCM is a server or a host computer with a database and applications to communicate with the
CDLCM, local data base and the external world. The CMCM is designed to have the following capabilities:
• administer the communication with CDLCM.
• store the data received from the CDLCM.
416   R. Hari Kumar and S. Ushakumari /  Procedia Computer Science  89 ( 2016 )  412 – 421 
• determine the optimal load that can be supplied based on available generation and performs the centralized real
time control.
• facilitate an interface to support the functionalities to achieve plug-and-play feature of the loads and sources.
The components of CMCM are data input module, database server, data analysis and control module and data
presentation module.
2.4.1 Data input module
The data for microgrid management comes from the CDLCM installed at the consumer locations and by manual
input from the users. The data manually entered by the users are load priority and expected rate for selling the energy
produced by the consumers having generation capability in their premises. The data from the CDLCM is retrieved and
stored in the database server using an automated system.
2.4.2 Database sever
The server or the host computer has a database which records the real time data collected from all the CDLCM in
the network and the data keyed in by the user.
2.4.3 Data analysis and control module
In the power system network, the power variations are very rapid and unpredictable. Further, in autonomous
microgrid interfacedwith renewable sources, there will be large variation in the energy generated due to the intermittent
nature of the renewable sources. Hence, to alleviate the power mismatch, time stamped generation and load data
retrieved from all the clients at frequent intervals are used to optimize the generation and load in the system. This
function is performed by a real-time processing and control module in the server.
2.4.4 Data presentation Module
The web based human-machine-interface act as the data presentation layer. This layer provides the user with energy
consumption pattern, power, voltage and current proﬁles, which is extracted or processed from the raw data in the
database. Hence, there is better visibility on the power consumption pattern and the usage of energy by the consumers.
Further, future trends of the power demand and generation can be visualized through this layer which will enable the
prosumers to ﬁx the optimum rate for the energy produced by them.
3. Real-Time Management of Intelligent Autonomous Microgrid
The inputs required for real time management of microgrid are the data from each client, the load priority and the
rate for the energy produced by the consumers from on-site generators. The client data is obtained from the database in
CDLCM installed at each consumer premises through the communication channel. In order to achieve a cost effective
solution, an open hardware computer which has limited storage is used as the CDLCM. Hence, the data in the CDLCM
database is deleted immediately after it is retrieved and stored in the database server.
The load priority is speciﬁed by the consumers through a web interface and can be modiﬁed as and when required.
This is necessary because the priority of performing various tasks will vary from consumer-to-consumer and on a
day-to-day basis. In the present scenario, the consumers have only limited privilege to set the load priority. Hence,
in the proposed architecture, the consumers are given privilege to set and modify their load priority, and the load
management is based on the set priority.
Further, the expected tariff for the power sold can be set on an hourly basis, through a web based interface, by the
consumers having DG at their premises (prosumer). When the consumer installs a DG, in addition to reliability
improvement, he expects the pay back on the investment in shortest possible time. A novel concept for promoting
the DG installation and consumer involvement in autonomous microgrid development is proposed in this work. When
the generation in the system is less and only the ﬁrst priority loads are active in the system, the rate charged to the
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consumers will be based on the tariff set by the individual prosumer. Further, optimization can be done to ﬁx the tariff,
and generation set point when the generation is more than demand.
One of the main issues associated with the autonomous operation of microgrid is to devise a strategy for real time
management, which ensures stable and reliable operation of the system. This demands real time control to balance the
generation and demand. Further, the visualization of the various parameters in the system and the trend forecasting
will empower the consumers to maximize beneﬁts from the system through energy trading within the autonomous
microgrid.
3.1 Energy balance management
In this section, load management algorithm to ensure energy balance in IMG is proposed. It is assumed that each
consumer in the IMG is installed with DCM and CDLCM. Further, this study assumes that controllable breakers are
provided to connect/disconnect the loads based on the available generation. The control signals are provided from the
CDLCM, based on the decision from the CMCM. The bidirectional communication between CDLCM and CMCM is
through an existing communication channel. The aim of this strategy is to serve maximum higher priority loads in the
system. This scheme provides an economical and feasible architecture for the autonomous operation of microgrid.
Algorithm 1. Algorithm for Priority based Load Management
For real-time energy balancing, three types of data are required: the load data, the generation data and the load
priority data. In IMG, generally the loads will be given priority in chronological order. Moreover, multiple loads with
different magnitudes may have the same priority and this need to be considered. Hence the objective function for load
management is deﬁned as11:
Maximize f (x) =
NLoad∑
i=1
xLi Loadi (1)
Subject to
NGen∑
i=1
xGi PGi ≥
NLoad∑
i=1
xLi Loadi (2)
where NLoad is the number of loads, NGen is the number of generators, xLi is the breaker status for i th load, Loadi
is the magnitude of the i th load, xGi is the breaker status for i th generator and PGi is the power generation of the i th
generator in the system.
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The CMCM continuously checks for the power mismatch between generation and demand. In the event of a power
mismatch, load and generation data together with the priority of each load is given as input to the load management
algorithm 1, which determines the optimum amount of load that can be supplied based on the available generation.
Case study
To demonstrate the performance of the proposed algorithm, consider the IMG with 5 residential consumers, each
having 5 loads and 2 kW renewable based DG installed at their site. In addition, energy storage is provided to support
the momentary ﬂuctuations in demand. The proposed load management is based on the power available from the DG.
The various loads under consideration for the residential consumers are : refrigeration - 150W, cooking - 500W,
lighting - 200W, air conditioning (AC) - 1000W and others - 150W. Each load is set with different priority by the
consumer itself through the web interface and is given in Table 1. From Table 1 it can be seen that the consumers can
set same priority for different loads.
In case study, it is assumed that the generation from DG has reduced to 8 kW and the demand is 10 kW. Hence
there is a need for switching off 2 kW load in the system. Once the mismatch is identiﬁed, a load aggregate table is
Table 1. Load Priority of Consumers.
Consumer 1 (C1) Consumer 2 (C2) Consumer 3 (C3) Consumer 4 (C4) Consumer 5 (C5)
Load Priority Load Priority Load Priority Load Priority Load Priority
Refrigeration 1 Cooking 1 Lighting 1 Cooking 1 Lighting 1
Cooking 2 Refrigeration 2 Cooking 2 Lighting 2 AC 2
Lighting 2 Lighting 2 AC 3 Refrigeration 3 Cooking 3
AC 3 AC 3 Refrigeration 4 AC 4 Refrigeration 3
Others 4 Others 3 Others 5 Others 4 Others 4
Table 2. Load Aggregate Table.
Index Load (Consumer) Priority Magnitude (W) Load Aggregate(W)
1 Others (C3) 5 150 150
2 Others (C5) 4 150 300
3 Others (C4) 4 150 450
4 AC (C4) 4 1000 1450
5 Refrigeration (C3) 4 150 1600
6 Others (C1) 4 150 1750
7 Refrigeration (C5) 3 150 1900
8 Cooking (C5) 3 500 2400
9 Refrigeration (C4) 3 150 2550
10 AC (C3) 3 1000 3550
11 Others (C2) 3 150 3700
12 AC (C2) 3 1000 4700
13 AC (C1) 3 1000 5700
14 AC (C5) 2 1000 6700
15 Lighting (C4) 2 200 6900
16 Cooking (C3) 2 500 7400
17 Lighting (C2) 2 200 7600
18 Refrigeration (C2) 2 150 7750
19 Lighting (C1) 2 200 7950
20 Cooking (C1) 2 500 8450
21 Lighting (C5) 1 200 8610
22 Cooking (C4) 1 500 9150
23 Lighting (C3) 1 200 9350
24 Cooking (C2) 1 500 9850
25 Refrigeration (C1) 1 150 10000
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prepared by the algorithm as in Table 2. Further, the algorithm checks for the index in the load aggregate table having
aggregate less than or equal to 2 kW. The corresponding index from load aggregate table is 7 and the corresponding
load is having priority 3. As this aggregate value is less than 2 kW, index is updated by one. Hence the new index is
8 and the corresponding load is having priority 3. Immediately all the loads having priority 4 and 5 are switched off,
leaving a mismatch of 250 kW. Further as there are 7 loads with the priority 3, PSO based optimization algorithm is
executed to ﬁnd the minimum load to be switched off. This leads to switching off “refrigeration” of consumer 5 and
loads coming under “others” of consumer 2. Further, it can be noted that each load coming under same priority is
having equal probability of being switched off which is the advantage of this algorithm.
3.2 Parameter visualization
As the real-time data is available in the database server, it is possible to visualize the various electrical parameters
of the system. This preview of data enables the consumers to have improved planning in their energy utilization. The
presentation layer has a web interface, which ensures that the data is presented in a more meaningful format. The
sample screenshot of the parameter visualization window is shown in Fig. 3.
3.3 Future trend forecasting
The major source of energy in the autonomous IMG is solar or wind. Due to the unpredictability of the output from
these sources, it is necessary to predict the output to ensure reliable operation of the system. Further, with the real time
data available in the database, the future demand trend can also be projected.
ANN is widely used in the forecasting of various parameters in power system12. The power of ANNs lies in its ability
to prevent the auto-correlative relations in a time series even in situations where the laws are unknown or too complex
to deﬁne. As quantitative forecasting is based on deriving patterns from observed past events and extrapolating them
into the future, ANN is preferred for the task. In this work, MLP, which is the most widely used ANN architecture is
Fig. 3. Web Interface for Visualzing Historical Trends of Parameters.
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Fig. 4. Web Interface for Entering the Expected Rate of Energy by Prosumers.
used for future trend forecasting. Root mean square error and mean absolute error are the measures used to indicate
the forecasting accuracy and are found to be less than 0.02.
3.4 Energy trading
Even though energy trading is an area which is being researched in large power system scenario, a simple concept of
energy trading within the IMG, which is expected to stimulate the consumer participation in generation and optimum
utilization of energy, is presented in this paper. Each consumer can specify the hourly rate at which power can be sold
to the grid through a web interface as shown in Fig. 4. For this, he can use the forecast of generation and demand
provided by the presentation layer. The rate speciﬁed by the prosumers will be considered only when the grid is feeding
the ﬁrst priority loads with generation less than demand.
4. Conclusions and Scope for Further Research
ICT assisted schemes is employed in this work for the effectivemanagement of autonomousmicrogrid. This is made
possible by adding sensors, use of communication facility and efﬁcient data management, thereby making microgrid
intelligent. In this paper, a high performance,modular, low cost, data acquisition and management infrastructure which
is capable of effectively managing the autonomous microgrid is proposed. The advantage of the proposed scheme is
that, it facilitates plug-and-play features of sources and loads. Moreover, the consumers can dynamically choose their
load priority and the complete management of the system is based on the set priority. A sample case study is presented
to demonstrate the effectiveness of this feature.
The visualization of various parameters in the system and trend forecasting is the added feature of this work, which
will empower the consumers to reap maximum beneﬁts from the system. This will assist the prosumers to set optimum
price for energy produced and participate in energy trading within the autonomousmicrogrid, enabling them to recover
the investment on DGwithin a short period. The proposed IMG architecture can be setup in industrial parks, campuses,
commercial and residential buildings.
The future work aims to investigate the effectiveness of the various communication protocols that can be used for
this system and to suggest the best option.
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